Background: The clownfish Amphiprion ocellaris is one of the rare coral reef fish species that can be reared in aquaria. With relatively short embryonic and larval development, it could be used as a model species to study the impact of global changes such as temperature rise or anthropogenic threats (eg, pollution) on the postembryonic development at molecular and endocrinological levels. Establishing a developmental table allows us to standardize sampling for the scientific community willing to conduct experiments on this species on different areas: ecology, evolution, and developmental biology. Results: Here, we describe the postembryonic developmental stages for the clownfish A. ocellaris from hatching to juvenile stages (30 days posthatching). We quantitatively followed the postembryonic growth and described qualitative traits: head, paired and unpaired fins, notochord flexion, and pigmentation changes. The occurrence of these changes over time allowed us to define seven stages, for which we provide precise descriptions. Conclusions: Our work gives an easy system to determine A. ocellaris postembryonic stages allowing, thus, to develop this species as a model species for coral reef fishes.
passing from a pelagic to a benthic/demersal lifestyle. This transition is critical in adapting individuals for life in a reef habitat, allowing crucial maturation processes such as the acquisition of sensory abilities to locate reef and suitable microhabitat. 9, 10 Metamorphosis is defined as a critical postembryonic developmental transformation that is crucial for the maintenance of adult reef fish populations and particularly sensitive to the anthropogenic stressors affecting coral reefs. 11, 12 We recently demonstrated that environmental pollutants, such as chlorpyrifos, severely impair the larval transformation and sensory abilities of the convict surgeonfish Acanthurus triostegus and that exposure to these pollutants result in juveniles of poor quality. 8, 13 Other pollutants, such as polycyclic aromatic hydrocarbons (PAH) (components of petroleum), are also known to affect growth rates, habitat settlement, and antipredator behaviors of larval coral reef fishes. 14 Coral reef fish larvae are also exposed to many other threats, including ocean acidification, 15, 16 sediment pollution, 17 anthropogenic noise, 18 and sea temperature rise. 19 All these stressors are known to disrupt sensory development and antipredatory behaviors and likely decrease individual survival rates. 10, 16 Because reef fish larvae often undergo extensive oceanic dispersal and may be difficult to rear in culture, normal developmental processes of these species are often poorly described. In order to better understand how anthropogenic stressors affect biological processes such as larval development and metamorphosis, it is essential to thoroughly describe and functionally analyze the processes of normal larval and juvenile development. Indeed, a well defined and complete developmental series is essential for thorough study of any species, but this has not yet been produced for any coral reef fish. The false clownfish Amphiprion ocellaris (Cuvier 1830) is the most widely used coral reef fish in a laboratory setting, as it is relatively easy to rear in aquaria. [20] [21] [22] [23] [24] Living in symbiosis with sea anemones (Stichodactyla gigantea, S. mertensii, Heteractis magnifica), this clownfish is native to the Indo-West Pacific region from Indo-Malayan Archipelago to the Philippines and northwestern Australia. A. ocellaris has been used as a model for ecological studies; groups have assessed the sensory abilities of reef fish larvae and the impact of environmental perturbations on habitat and predation detection. 16, 24, 25 Its embryonic development has been precisely described, [26] [27] [28] and classical techniques of developmental biology, including in situ hybridization, have been successfully performed on clownfish embryos. 29, 30 A. ocellaris belongs to the Pomacentridae family, which comprises 30 species (29 Amphiprion and 1 Premnas) 31, 32 and more than 300 species of damselfish. 33 This family is thus one of the dominant actinopterygian fish groups on coral reefs. Its phylogenetic position (exemplified by A. ocellaris and the damselfish Stegastes partitus, whose genomes have been sequenced) is shown in Figure 1 . It illustrates how it is nested in the late radiation of the Perciformes, cichlids being the closest classical fish model. [34] [35] [36] Pomacentrids have developed fascinating innovations that can provide fertile ground for evodevo studies. For example, they independently evolved jaw protrusion ability, thus providing one case of this convergent feature, allowing the analyses of how different ontogenetic trajectories reach similar solutions. 37 In addition, they possess peculiar anatomical traits to graze filamentous algae and to produce sounds during numerous social interactions. [38] [39] [40] The clownfish also provide a unique model for the evolution of pigment pattern that allows the study of how ecology and development can permit and constrain the diversification of complex patterns. 30, 41, 42 Last, clownfishes developed unique symbiotic relationships with giant sea anemones. The recruitment of the young juveniles in their host, the development of the mechanisms preventing the stinging of the sea anemone nematocysts, the variable host specificity displayed by the different species, and the mechanisms by which several clownfish can share the same host are all basic biological issues that can be studied using this model and that can impact more broadly other kinds of symbiotic relationships between eukaryotic organisms. 43 Thus,
clownfish is a new model species with a high potential to further study evolutionary and developmental processes in a unique ecological framework. However, to date, only few data are available on its postembryonic development. 27 48, 49 Larval development depends on both genetic and environmental factors such as temperature, photoperiod, food availability, and fish density. 19, 46, [50] [51] [52] Establishing a developmental table for A. ocellaris will allow standardized sampling by the scientific community and will advance research using this species. Our goals in this article are 3 fold: First, we describe the development of quantitative traits in postembryonic clownfish. Second, we describe the morphological changes occurring during the larval development of A. ocellaris, focusing on qualitative traits (fin development, notochord flexion, and pigmentation). Finally, we identify developmental stages that comprise a straightforward and useful system for standardizing larval stage.
| LIFE HISTORY STAGE DEFINITIONS
As do most of the coral reef fish, A. ocellaris have a biphasic life cycle with a dispersive oceanic phase and a more sedentary reef phase ( Figure 2 ).
| Embryonic phase
In contrast to many coral reef fishes that spawn in the open ocean, clownfishes are benthic spawners. They lay their eggs attached to a rock in the immediate proximity of sea anemones. 6 The embryonic phase occurs directly after fertilization and lasts until larvae are able to feed on exogenous food 27 ; this takes six to eight days in clownfishes, depending on temperature. This is longer than the embryonic phase in other species, including Zebrafish (48 hours) and sea bass (four days). 45, 53, 54 F I G U R E 2 Life cycle of clownfish.
Clownfishes lay their eggs close to their sea anemone, where they will develop between six and eight days depending on temperature. After hatching, larvae are directly dispersed into the open ocean, where they will grow between 10 to 15 days before returning to a reef. The transition between the ocean and the reef is associated with the metamorphosis of larvae into juveniles. Juveniles will then settle in a sea anemone
| Larval phase
This phase begins when newly hatched larvae are able to feed on exogenous food and, like in most marine teleosts, it corresponds to the oceanic dispersal phase. 6 During this period, larvae undergo major morphological and physiological changes (fin differentiation, notochord flexion, sensory organs differentiation, organ differentiation) 11, 55 . This phase ends during a specific postembryonic step called metamorphosis, which introduces the transition between larva and juvenile. 11, 56, 57 Clownfish species exhibit a short larval phase, lasting only 10 to 15 days compared to other larvae of coral reef fish species, which can spend 19 to 70 days in the ocean.
53,58
| Metamorphosis
In the context of this study, we define metamorphosis as a postembryonic developmental step triggered by thyroid hormones and characterized by ecological, behavioral, morphological, and physiological changes. For the clownfish A. ocellaris, metamorphosis involves acquisition of three white stripes and corresponds to the transition of the juvenile phase. 42 Indeed, when the white stripes appear on the head and body of A. ocellaris, a change of swimming behavior is observed in the tank: Larvae swim in the water column, while metamorphic and postmetamorphic fish swim closer to substrates. In the wild, this phase ends when young juveniles settle into a host sea anemone.
| Recruitment and settlement phases
In general, coral reef fishes, including A. ocellaris, have a clear ecological transition between the larval and the juvenile phases, and these phases coincide with the oceanic and reef phases, respectively. This transition is called recruitment in ecology and is associated with the metamorphosis of larvae in juveniles. After metamorphosis, juveniles are ready to find a suitable habitat in a reef to pursue their growth and reach adult stage; this is the settlement phase 10, 59 ( Figure 2 ). Disruption of postembryonic development and metamorphosis may prevent successful recruitment and the settlement phases by increasing mortality of new recruits.
| Juvenile phase
As juveniles, individuals are ready to settle on suitable habitats (eg, sea anemone hosts for clownfish), where they continue to grow and mature. 21, 60 Juveniles possess most characteristics of adults but have not yet achieved reproductive maturity. Gametes mature in clownfish species only when an individual reaches the top of its social hierarchy in a sea anemone.
61,62
3 | RESULTS
| Developmental rate
The quantitative traits described in Table 1 were measured every day from 1 to 21 days posthatching (dph), and in juveniles at 30 dph. During growth, A. ocellaris undergoes two distinct developmental phases, one from 1 to 7 dph, and another from 8 to 21 dph. Growth rates are higher during the second phase (0.06 mm/day for the first phase, and 0.2 mm/day Qualitative traits Anal soft rays Appearance of the soft rays
Anal spines
Appearance of the spines
Dorsal soft rays
Appearance of the soft rays
Dorsal spines
Pelvic fin
Development of the pelvic fin
White stripes
Appearance of the three body white stripes
Notochord flexion
Flexion steps of the notochord for the second) ( Figure 3A ). Clownfish larvae thus accelerate their growth after 7 dph in our rearing condition. To determine if standard length (SL) is a better indicator than absolute age (dph) for larval developmental progress in A. ocellaris, we tested the difference between the correlation coefficients (R 2 ) of each developmental trait (head depth, body depth, head length, eye diameter, snout length, snout anal length) (see Figure 4A ) against absolute age and SL. We used a paired Wilcoxon signed-rank test, as previously performed for Zebrafish larvae. 46 This analysis revealed that SL is a better indicator of developmental progress than age, as the mean R 2 for SL is higher than for dph (P value = 0.03, mean R 2 : dph = 0.90; SL = 0.96 mm) ( Figure 3B ). We therefore used SL as a proxy to describe the quantitative developmental progress in A. ocellaris larvae. However, it seems there are no differences in the predictive abilities of age and SL to describe qualitative criteria used to characterize the morphological changes of A. ocellaris larvae (P value = 0.31, mean R 2 : dph = 0.5; SL = 0.6) ( Table 2) . As expected, all quantitative traits were significantly correlated to SL (P value <2.2 × 10
, R 2 ranging between 0.86 and 0.99) ( Figure 3C ).
All these quantitative traits increase linearly at different rates, with eye diameter and snout length being the parameters with the lowest slopes (eye diameter = 0.1 × SL + 0.2; snout length = 0.1 × SL + 0.1) ( Figure 3B ). The growth of head depth, body depth, head length, eye diameter, snout length, and snout anal length according to SL are shown in Figure 3C .
| Head development
At 1 dph, larvae show a rounded head ( Figure 5A ,B). It becomes progressively more triangular on the dorsal part between 1 dph and 4 dph, with the quadrate/mandible articulation becoming more rostral ( Figure 5C -E). The lower jaw becomes more prominent from 4 to 10 dph ( Figure 5C -E). There is no marked change in mouth position during these stages. As mentioned above, head length (HL) is significantly correlated with SL, measuring 1.3 mm (±0.03 mm) at 1 dph (mean SL = 3.7 ± 0.5 mm) and reaching a maximum size of 3.6 mm (± 0.3 mm) at 30 dph. Compared to SL, HL grows slowly and constantly across to the two age classes determined above (mean growth rate = 0.06 mm/day from 1 to 7 dph, and 0.06 mm/day from 8 to 21 dph) (see Figure 3C ). Eye diameter increases gradually, measuring 0.5 mm (± 0.01 mm) at 1 dph and reaching a F I G U R E 3 Development rates during Amphiprion ocellaris development. A: Graph showing the evolution of the SL of the larvae according to the age expressed in dph. The two colors correspond to the age classes whose growth is contrasted in panel B. B: Table showing the correlation between the quantitative variables. SL is well correlated to developmental ages, and all quantitative traits are correlated to the standard length. C: Graph representing the growth of several quantitative traits according to standard length. BD, body depth; BH, body head; dph, days posthatching; ED, eye diameter; HL, head length; SAL, snout anal length; SL, standard length; SnL, snout length maximum size of 1.2 mm (± 0.1 mm) at 30 dph. Eye growth is constant through development, with a mean growth rate of 0.014 mm/day from 1 to 7 dph, and 0.01 mm/day from 8 to 21 dph. The eye grows allometrically relative to the head, occupying 39% of the head surface at 1 dph and 30% at 21 dph.
| Fin development 3.3.1 | Pectoral fins
Pectoral fins must be manipulated with forceps under a stereomicroscope to be distinctly observed. Therefore, we decided not to use them as a criterion for stage identification. Further, these fins are already formed at hatching; hatching clownfish are immediately able to swim and orient themselves using these fins. Consequently, our description of fin development focuses on pelvic fins and unpaired fins.
| Pelvic fins
The paired pelvic fins are located ventrally. They consist of one spine and three soft rays in adults. We categorize larval development of these fins into four steps ( Figure 6A -D).
We first observe no sign of fins ( Figure 6A ). Then a small bud appears between 2 dph and 8 dph (see black arrowheads on Figure 6B ). This bud then develops into pelvic fins between 5 dph and 10 dph (black arrowhead on Figure 6C -E). The fins continue to grow and mature, and finally, from 7 dph, pelvic spines start to appear (black arrowhead on Figure 6D ,E).
| Unpaired fins
In A. ocellaris, dorsal and anal fins consist of spines (10-11 and 2 spines per fin, respectively) and soft rays (13-17 and 11-13 rays per fin, respectively). At 1 dph, larval tails are bordered by an embryonic fin fold, which is composed of three major lobes positioned ventrally at the posterior margin of the anus, dorsally at the rear quarter of the body, and ventrally surrounding the posterior tip of the notochord ( Figure 7A ). Within the ventral and dorsal lobes, mesenchyme condensations ( Figure 7A ) mature into the soft tissue between the rays and spines. During development, the fin fold differentiates as unpaired fins and regresses at the caudal peduncle ( Figure 7B ). Anal soft rays appear between 2 and 3 dph (orange arrowhead, Figure 7E ,O); anal spines appear from posterior to anterior between 5 and 7 dph (blue arrowhead, Figure 7F ). The anal fin is composed of a single major lobe (see Figure 7C) . Dorsal soft rays appear after anal ones between 3 and 4 dph (orange arrowheads on Figure 7H ,I,O), but generally we observed that anal and dorsal soft rays appear at the same time. Dorsal spines appear also after anal ones, between 6 and 8 dph (indicated by blue arrowhead on Figure 7M -O). As anal
Pictures of head during larval development at different ages indicated at the left of each panel. Red lines indicate the changes of shape of the dorsal part of the head, which is round at 1dph (A), then angular at 4 dph (C), and finally right at 16 dph (G). Black arrows heads indicate the lower jaw which is clearly visible between 4 and 10 dph (E). dph, days posthatching spines, dorsal spines appear caudorostrally. The dorsal fin is composed of an anterior lobe supporting the spines and a posterior one supporting the soft rays ( Figure 7C,G-N) .
The caudal fin is composed of soft rays growing out of two hypural bones: a superior one and an inferior one (visible in Figure 8A ). The development of the caudal fin is characterized by the flexion of the notochord and the formation of the rays. The flexion corresponds to a dorsal bending of the notochord. It normally ends when the hypural bones are in a vertical position as shown at 6 dph ( Figure 8C ). Thus, the notochord flexion is defined by three levels: preflexion, corresponding to a linear notochord ( Figure 8A 
| Pigmentation
We focused on the development of the three major chromatophores in A. ocellaris: the black melanophores, the orange xanthophores, and the white iridophores. Figure 9A3 ). Both lines stop before the caudal peduncle (indicated by a black bar on Figure 9A1 ). Stellate melanophores are also spread on the body surface between those two lines, below the ventral line, above the internal organs ( Figure 9C) , and a few scattered dorsally over the head ( Figure 9A4) . Xanthophores F I G U R E 6 Changes of pelvic fin morphology through the postembryonic development. Photograph of pelvic fins at 3 dph (A), 3 dph (B), 5 dph (C), and 9 dph (D). We observe appearance of the pelvic fin bud (indicated by a black arrow in B). C: Growth of the pelvic fin (indicated by a black arrow). D: Appearance of the pelvic fin spines (indicated by a black arrow). E: Timescale showing the chronological appearance sequence of the different morphological traits of the pelvic fin. Dph, days posthatching; SL, standard length extend from the snout (yellow arrowhead in Figure 9A4 ) to the posterior extremities of both future anal and dorsal fins, giving the larval body its yellow coloration. Some xanthophores are also found above the swim bladder (yellow arrowhead in Figure 9A2 ); this region is also covered by iridophores (indicated by a black arrow, Figure 9A1 ).
Up to 9 dph, the same overall pattern is observed: Melanophores form two lines and are scattered across the body and the head (illustrated in Figure 9B1 with a 6-dph larva). The yellow coloration increases during this period, with xanthophores extending across the body surface ( Figure 9B2,B3) . Xanthophores are still present on the head (yellow arrowheads, Figure 9B4 ). The caudal peduncle remains transparent ( Figure 9B1 ).
From 9 dph, the larval coloration changes from yellow to orange (see 10-dph larva in Figure 9C , and 14-dph larva in Figure 9D ). Orange xanthophores start to cover the ventral and Fins remain unpigmented until after 10 dph (Figure 10A-C) . The caudal peduncle also remains unpigmented ( Figure 10A ). The white stripes of the body and the head start to appear in 14-dph larva ( Figure 9D1 ). The white stripe of the body is dorsally located below the last three spines of the dorsal fin (visible in Figure 10O , black arrows showing the three spines), and it is ventrally located above the cloaca ( Figure 9F1 , black arrow indicating the cloaca). During the formation of these white stripes, we can observe a concentration of black melanophores on the border (indicated by black arrows on Figure 9D2-F2) . The white stripes are first transparent ( Figure 9D1 ,E1) before becoming fully white ( Figure 9F1,G1) . The head and body stripes are the first to appear (between 9 and 14 dph); the third stripe on the caudal peduncle appears later, at~17 dph. When the white stripes appear, the two horizontal lines of melanophores progressively fade ( Figure 9D2-G2) . The orange xanthophores appear on the anal and dorsal fins (indicated by red arrowheads in Figure 10E ,F,H,J), and on the caudal peduncle ( Figure 10G ). The caudal fin is the last of the fins to remain unpigmented. Orange xanthophores cover the base of the caudal fin, close to the white stripe ( Figure 10P , red arrowhead), black melanophores surround the xanthophores, and the extremity of the fin remains transparent.
| Tooth and sensory organ development
To follow the development of teeth and sensory organs, A. ocellaris larvae were observed under a scanning electron microscope ( Figure 11 ). Hatching larvae initially lack teeth ( Figure 11A ). The first teeth appear at 9 dph (white arrow, Figure 11B ). They are canine-type teeth typical of carnivorous fish like A. ocellaris. They are covered by a layer of epithelial cells ( Figure 11D ) that are eventually perforated as the teeth grow, as shown in Figure 11C ,E in a 12-dph larvae.
For the appearance of sensory organs, we focused on the description of olfactory placodes and the system of the lateral line, which is composed of five types of sensory canals distributed on the head and the body. At 1 dph, olfactory placodes are triangular and are covered by a layer of ciliated cells ( Figure 11F ). At 6 dph, this placode invaginates and its border merges to form two openings corresponding to the nostrils ( Figure 11G ). Their formation is completed when the two nostrils are fully separated, as shown on Figure 11H in a juvenile.
Sensory canals of the head are absent at 1 dph ( Figure 11J ). At 11 dph, the supraorbital, temporal and opercular canals are forming. Their formation corresponds to an invagination of neuromasts ( Figure 11I ). They will finally have the appearance of holes surrounding the eye (infra-and supraorbital canals), above the head (temporal canals), distributed along the opercular (opercular canals), and below the mandible (mandibular canals) ( Figure 11L,M) .
The lateral line appears at 6 dph ( Figure 11O ) with the appearance of neuromasts ( Figure 11R ), which invaginate to form the head sensory canals ( Figure 11P ,S).
| Description of qualitative traits used to identify the developmental stages
Eight qualitative traits were chosen to identify developmental stages: the notochord, dorsal soft rays, anal soft rays, dorsal spines, anal spines, pelvic fins, head white stripe, and caudal white stripe ( Figure 3B ; Table 1 ). Each of these selected traits is categorized into two or three categories. For example, the notochord goes through the following steps: preflexion ( Figure 8A ), flexion ( Figure 8B ), and postflexion ( Figure 8C ). Soft rays and spines appear sequentially in the anal and dorsal fins, which is why we define them as distinct criteria based on their appearance (Figure 7 ). Soft rays invariably appear before spines in both the dorsal and anal fins. Pelvic fin development has four distinct steps: absent ( Figure 6A ), pelvic bud ( Figure 6B ), pelvic fin ( Figure 6C ), and pelvic spines ( Figure 6D ). Finally, head and caudal fin white stripes appear sequentially ( Figure 9 ). The head white stripe is categorized as absent Figure 9A1 -C1), transparent ( Figure 9D1,E1 ), or present ( Figure 9F1,G1) , contrary to the caudal white stripe, which is categorized only as absent ( Figure 9A1-F1 ) Figure 9G1 ). To define developmental stages, individuals were categorized according to the chronological appearance of the different criteria. This allows us to define seven distinct developmental stages. Table 3 summarizes the criteria we use to characterize each developmental stage.
F I G U R E 9 Body pigmentation throughout larval development. A1-G1: Pictures of larvae from 1 dph to 21 dph. Close-ups on the central body (A2-G2), pigment cells (A3-G3), and heads (A4-G4). Black and yellow arrowheads indicate, respectively, stellate melanophores from the horizontal lines covering the larval body and xanthophores that are dispersed on the larval body. Black squares indicate the zone highlighted on the third column. Orange arrows indicate orange xanthophores also forming round cells. Black arrowhead indicates metamorphic melanophores invading the flank of Amphiprion ocellaris that concentrate on the margin part of the white stripes
| The postembryonic developmental stages
Below, we describe the characteristics of each stage and illustrate with representative individuals (Figures 12-18 ). Italic terms correspond to the qualitative criteria used to identify the different stages; bold terms correspond to the criteria allowing the distinction between two developmental stages.
| Stage 1: Preflexion stage (Figure 12)
This stage corresponds to larvae between 1 and 3 dph. A transparent embryonic fin fold surrounds the larval body and tail ( Figure 12A,F, black arrowhead) . Larvae have no anal or dorsal fin rays or spines ( Figure 12A,B,E,F) . The pelvic fin is absent but a bud may be present ( Figure 12D , black arrowhead). The yolk is entirely absent, and larvae F I G U R E 1 0 Fins pigmentation throughout larval development. Left column: Caudal fin development from 10 dph (A) to 30 dph (P), with orange xanthophores progressing on the caudal peduncle at 15 dph (G, red arrowhead) and white stripe appearing at 21 dph (M, white arrowhead). Middle column: Anal fin pigmentation, which starts at 14 dph (E, red arrow head). Right column: Pigmentation of the dorsal fin, which appears at 14 dph (F, red arrowhead). Black arrowheads on G indicate the spines behind the body white stripe. The age in dph is indicated on each picture of the first columns and is valid for all the respective horizontal series. Dph, days posthatching have open mouths and are able to feed on live prey ( Figure 12C ). The pigmentation is composed of two lines of melanophores on the body ( Figure 12A ,B, black arrowhead); some melanophores are scattered on the head, and some xanthophores cover the body and the head ( Figure 12C ). Iridophores are visible above internal organs (white arrows, Figure 12I ,C) and behind the eye (white arrow, Figure 12C ). The white stripes of the head and the caudal fin are absent ( Figure 12C,I ). The swim bladder is difficult to see as it is hidden by a layer of melanophores (indicated by a black arrow in Figure 12B ) and shiny iridophores ( Figure 12I ). The notochord is in preflexion (indicated by a black arrowhead in Figure 12G ), and hypural bones support growing caudal rays (black arrows, F I G U R E 1 1 Tooth and sensory organs. Development of tooth and sensory organs observed by scanning electronic microscopy. A-E:
Appearance of the tooth (white arrow), and in E, teeth breaking epithelial cells at 12 dph. F-I: Development of the nostrils (white arrows), and in I, close-up on the invagination of a neuromast in a sensory canal (indicated by a white arrow). J-M: Development of head sensory canals, and in M, the frontal view of the sensory canals covering the head of a juvenile. N-P: Development of the body lateral line. Q-S: Close-up of the zones indicated in N, O, and P. dph, days posthatching; IO, infra-orbital canals; Juv, juvenile; M, mandibular canals; MOP, merging olfactory placodes; N, nostrils; O, opercular canals; OP, olfactory placodes; SO, supraorbital canals; T, temporal canals Figure 12H ). Larvae of this stage exhibit swimming behavior; they are attracted to light and swim at the top of the water column.
| Stage 2: Flexion stage (Figure 13)
At this stage, larvae are between 2 and 8 dph. The body and tail are still surrounded by the embryonic fin fold, which has started to differentiate in the future dorsal and anal fins, with soft rays beginning to appear ( Figure 13A , B,E,F, black arrowheads). Similarly, the caudal embryonic fin fold is differentiating in the caudal fin with rays still growing and the notochord has begun to flex ( Figure 13G,H) . A pelvic bud is present ( Figure 13D , black arrowhead) and anal and dorsal soft rays have appeared ( Figure 13A,F, black arrowhead) . The larval body remains pigmented as in stage 1, but the layer of xanthophores has extended along the larval body and white stripes remain absent ( Figure 13C,F) .
| Stage 3: Postflexion stage (Figure 14)
Larvae of this stage are between 3 and 10 dph. The embryonic fin fold has completely differentiated into dorsal, anal, and caudal fins ( Figure 14A,B,F,H) . All anal and dorsal soft rays are present (anal soft rays appear between 11 and 14 dph; dorsal soft rays appear between 13 and 17 dph), giving the fins their final form ( Figure 14A,F) . Dorsal and anal spines have appeared ( Figure 14B ,E, black arrowhead). Spines appear brighter and are not segmented compared to soft rays (see Figure 14 A,B) . A pelvic bud is present and begins differentiating in fin ( Figure 14D, black arrowhead) . We observed no change in the body and head pigmentation from the flexion stage, and still no visible white stripes ( Figure 14B,H) . In contrast to the flexion stage, notochord is in postflexion and hypural bones assume a vertical position (indicated in Figure 14A ). At this stage, larvae still swim high in the water column and close to the surface of the water.
| Stage 4: Pelvic spine stage (Figure 15)
Larvae of this stage are between 5 and 14 dph. The body shape has changed, with the body deepening compared to previous stages. The fins are fully developed, and anal and dorsal fin spines are present (2 for the anal fin, and between 10 and 11 for dorsal fin, Figure 15A ,B,E,F). The pelvic fins have all their spines ( Figure 15D ). The notochord remains in postflexion ( Figure 15G,H) . The two lines of melanophores are still present and xanthophores still cover the body up to the anal and dorsal fins. The head and caudal fin white stripes are absent ( Figure 15C,F) . At this stage, larvae swim close to the bottom and are no longer attracted to light.
| Stage 5: Two transparent white stripes stage (Figure 16)
At this stage, larvae are between 9 and 15 dph and have undergone major changes in pigmentation; all the other morphological traits used to identify developmental stages are in their final states ( Table 2 ). The anal and dorsal fins have all their soft rays and spines, and the notochord is in postflexion ( Figure 16A,B,D-H) . The xanthophores have begun to cover the anal and dorsal fins, as well as the caudal peduncle. At this stage, yellow is replaced by an orange pigmentation. The two lines of melanophores have begun to disappear, but are still visible in most individuals. The head becomes orange and the white head stripe is increasingly visible (Figure 16C ). At this stage, the stripe is transparent and surrounded by groups of melanophores (black arrows, Figure 16C ). The body white stripe also appears and remains transparent at this stage. The white stripe of the body is always localized at the base of the posteriormost three spines of the dorsal fin, and the stripe reaches the cloaca ( Figure 16I ). The white stripe of the head is also bordered by melanophores (black arrows on Figure 16B ). At this stage, there is no sign of the third white stripe that will be located on the caudal peduncle. This stage corresponds to larvae between 10 and 20 dph. The body shape changes, the body depth being higher than the previous stage. The pigmentation is more orange than the previous stage; the orange xanthophores have spread onto the anal and dorsal fins ( Figure 17A ,B,E,F) and they cover the base of the caudal fin. Some melanophores have begun to appear on the pelvic fins (black arrowhead of Figure 17D ). The white stripes of the head and the body become whiter and more opaque, and their margins are still composed of melanophores. The stripes have grown and now reach to the ventral part of the body. The two horizontal lines of melanophores continue to disappear but are still visible in most individuals.
3.7.7 | Stage 7: Three white stripes stage ( Figure 18 )
At this stage, larvae are older than 17 dph. The body exhibits a juvenile oval shape and the pigmentation continues to mature. The lobe supporting the spines of the dorsal fin is the first to be fully pigmented ( Figure 18B ). The pelvic fins are almost fully pigmented at this stage. They are primarily pigmented by melanophores at the extremity and by orange xanthophores at the base ( Figure 18D ). The orange xanthophores have extended on the anal fin and on the second lobe of the dorsal fin. The caudal fin remains mostly unpigmented. At this stage the white stripes of the head and the body are fully formed and outlined by melanophores. The third white stripe appears at this stage on the caudal peduncle ( Figure 18F ).
| A dichotomous key determination useful for staging
A dichotomous key determination based on multiple-choice questions has been created to assist users in identifying the various postembryonic developmental stages ( Figure 19 ). Then, depending on the answer, the key indicates whether the user has to go to the next question or if the stage of its sample stage is identified. For example, if the larva being observed does not have a flexed notochord, it is stage 1. In contrast, if the larva has a flexed notochord, the user moves on to the next question. This key is used routinely in our laboratory and has been especially valuable for inexperienced users. 
| DISCUSSION
In this study, we provided a detailed description and a staging system of the postembryonic development of the clownfish A. ocellaris. In particular, we described seven quantitative traits commonly used to follow fish larval development (standard length, head length, body depth, body height, eye diameter, snout length, and snout anal length) 41, 46, [63] [64] [65] as well as eight qualitative traits (notochord, dorsal soft rays, anal soft rays, dorsal spines, anal spines, pelvic fin, head white stripe and caudal white stripe). Using these qualitative criteria, we defined seven postembryonic developmental stages for A. ocellaris, similar to the staging series previously produced for Zebrafish 46 and goldfish. 66 The method used to identify those different developmental stages may be modified for any other fish species as a tool to standardize sampling strategies and experimental procedures through the larval development.
| Shift in growth trajectory
All the quantitative criteria measured were correlated with both age and standard length, and as is the case for other teleost fish species, including Zebrafish (D. rerio) and tilapia (Oreochromis mossambicus), standard length is a better proxy than absolute age to describe developmental progression. 49, 67 In other species of Pomacentridae, studies have highlighted the high correlation between quantitative traits and the length of larval A. frenatus and A. perideraion (with a regression coefficients between 0.95 and 0.99), 30, 65 which has also been observed in A. ocellaris in this study. In general, allometric growth is common among clownfishes and all Pomacentridae, 55 but we can point out some interspecific differences. In A. ocellaris, we observed two distinct growth phases, the first one being relatively slow in our rearing condition (0.06 mm/day at 25 C) compared to the second growth phase: (SL = 0.2 mm/day). This second phase is characterized by a faster mean growth rate than in A. frenatus and A. perideraion (respectively, 0.4 mm/day and 0.3 mm/day between 27 C and F I G U R E 1 9 Key determination. Determination key of the developmental stages of Amphiprion ocellaris larvae 28 C). However, A. frenatus and A. perideraion show only a single growth trajectory and do not change slope. It is important to note that the rearing temperature and the size at 1 dph may explain those differences, as A. ocellaris measure 3.8 mm (± 0 .5) and A. frenatus and A. perideraion measure 4.6 mm (± 0.1) and 4.4 mm (± 0.2), respectively, at hatching. 41, 65 In other more distant species of Pomacentridae, such as Pomacentrus amboinensis, there is also an increase of the growth rates during the second growth phase at 7 dph. In P. amboinensis, as in A. ocellaris, this acceleration occurred when larvae were in postflexion. 55 The existence of two growth phases, referred to as a shift in growth trajectory, has also been observed in other fish species, such as several Blenniidae, O. mossambicus, Paralichthys californicus, and Epinephelus marginatus. 63, [67] [68] [69] This shift in growth trajectory can be linked with the onset of metamorphosis, which is a major phase in fish larval development as it allows the transition between the larval (generally pelagic in marine species) and the juvenile (generally demersal) stages. 56, 69 Even if SL is a better proxy to follow the larval development of A. ocellaris, there is likely some variability in developmental progress even within a given SL category; this has been 46,49 Indeed, Parichy et al 46 observed that for a given size, larvae may not be at the same developmental stage. This is true also in A. ocellaris since we observed that individuals measuring 3.8 mm can be in flexion or in postflexion, have anal spines or not, and have a pelvic bud or not ( Figure 20) . The establishment of a developmental table based on qualitative criteria is an efficient way to overcome this heterogeneity and develop the clownfish as a model system for developmental biology.
| Developmental stages
Based on the work done on the goldfish and the Zebrafish, we selected seven qualitative criteria easily visible under a brightfield stereomicroscope or a binocular loupe: the flexion of the notochord, the appearance of the anal and dorsal soft rays and spines, the development of the pelvic fin, and the appearance of the three white stripes. 46, 66 As traits are highly variable between species, the criteria used in our studies were not the same as those used for goldfish or Zebrafish. For example, Parichy et al 46 used the flexion angle as developmental criteria, but, as in goldfish, this criterion seems not obvious to apply for clownfish, as in our conditions it is difficult to measure in late-stage larvae due to their pigmentation, which covers the notochord. To determine flexion of the notochord, we used the position of the hypural bones, as it is commonly used in descriptions of larval fish development. 70, 71 As in many fish species, hypural bones are the first skeletal structures to appear in the caudal fin. [70] [71] [72] [73] For similar reasons, we did not use the swim bladder as a criterion because it is hidden by melanophores through all the larval development of A. ocellaris. This has also been noted in E. marginatus and A. perideraion larvae.
41,69
| Dissociation between morphological and pigmentation changes
Interestingly, as in A. perideraion, we observed a decoupling between the morphological and pigmentation changes. 41 Indeed, most of the morphological changes of A. ocellaris appear during stages 1 to 4, and pigmentation changes start at stage 5 (with the progression of orange xanthophores and the appearance of white stripes). This decoupling may indicate the timing of the metamorphosis of A. ocellaris, which would be mainly characterized by pigmentation changes and not by drastic morphological changes, as it has been observed in grouper, flatfish, or surgeonfish. 8, 11, 74 In those species, it is known that thyroid hormones are controlling metamorphosis as in amphibians, 75 and it has been shown that these hormones markedly affect overall growth and development rates, as well as individual traits including pigmentation and scales, 76 feeding kinematics, 77 and morphometrics and the lateral line. 78 It is similarly likely that thyroid hormones control the morphological and pigmentation changes that occur during A. ocellaris metamorphosis.
| CONCLUSION
In this study, we provided the first postembryonic developmental table for a coral reef fish: the clownfish A. ocellaris. This table is characterized by seven larval stages. It is our hope that this staging tool will facilitate work with A. ocellaris as a model species, which can be used to better understand how coral reef fish larval development is regulated and how it may be impacted by environmental perturbations.
6 | EXPERIMENTAL PROCEDURES
| Breeding care
A. ocellaris larvae were obtained from three different clutches laid by a 10-year-old breeding pair. The breeding pair was held in a 200-L tank of artificial sea water at a temperature of 25 C, 35 g/L salinity, and a 12:12 light:dark photoperiod. Adult fish were fed twice daily with live food including shrimp, mussels, and sardines. Egg clutches were laid on a terra-cotta pot in the breeding tank. Eight days after fertilization, larvae were transferred to a 30-L rearing tank filled with water from the parental aquarium. Temperature and salinity were maintained identical to parental aquarium. Larvae were fed with rotifers Brachionus plicatilis (enriched with Nannochloropsis sp.) at 10 rotifers/ml −1 three times a day during the first six days. Artemia nauplii were added at 6 dph, and the ratio of Artemia/rotifers was increased until larvae were fed exclusively with Artemia at 10 dph. At 15 dph, metamorphosed juveniles were fed with Artemia and pellets (Ocean Nutrition). Daily water changes (20% of total volume) were performed from day two onward to eliminate dead larvae and avoid nitrite and nitrate buildup.
| Description of larval development and stage identification
To follow the developmental changes occurring during larval development, we chose to identify both quantitative (eg, standard length, body depth, etc.) and qualitative (eg, appearance of fin rays, notochord flexion, pigmentation, etc.) (Table 1 ; Figure 4B ) traits. Pictures of at least three larvae (euthanized in a 200-mg/L −1 MS222 solution; Sigma-Aldrich) were taken daily from 1 dph to 21 dph, and at 30 dph under a stereomicroscope with brightfield-transmitted and incident illumination (ZEISS V20 discovery-Plan S objective 1.0 × equipped with an AxioCam 105 camera). Larvae were placed in a drop of filtered sea water on a Petri dish under the stereomicroscope. For each individual, a picture of the whole larva was taken at a 10× magnification to assess the eight selected quantitative traits. Measurements were performed using ImageJ software (V1.51k). 79 All quantitative variables were analyzed using R, 80 and we used SD to quantify the amount of variation within our sampling. Binary and multinomial logistic regression models were applied with the package "rms" on R to determine the best variable between age and SL explaining the qualitative criteria. 81 To define the developmental stages, individuals were categorized according to the chronological appearance of the different qualitative criteria.
| Scanning electron microscopy
The protocol used to prepare the samples is adapted from Arvedlund et al. 23 Samples were collected during the larval development and fixed in a solution of glutaraldehyde 2.5% in sodium cacodylate 0.1 M and 0.1 M sucrose buffer. Samples were then washed in sodium cacodylate 0.1 M and 10% sucrose buffer, then post-fixed one hour at 4 in a 1%
osmium solution before dehydration. Final steps of the dehydration were done in an HMDS (hexamethyldisilane) solution. Samples were dried overnight prior to metallization with gold palladium before observation with a Hitachi S800.
| Phylogenetic tree
In order to illustrate the phyletic position of A. ocellaris among other fish models, we retrieved phylogenetic hypothesis via the Fish Tree of Life website by using the function fishtree_phylogeny from the R-package fishtree. 82 
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